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A competent coastal engineer should have adequate knowledge with regard to wave analysis. Long-term analysis is 
being effectively used worldwide to predict wave heights based on extreme wave statistics. The objective here is to analyze 
the ocean waves off Mangaluru coast, India. Long-term analysis is initially performed based on probability distributions like 
Log-normal distribution, Gumbel distribution, Fretchet distribution, Exponential distribution, and Weibull distributions on 
the in-situ wave data recorded at coastal waters off Mangaluru coast. The Extreme wave analysis is performed based on 
Peak Over Threshold method from which the best-fit probability distribution is obtained. Further, the best performing 
distribution is applied on the simulated wave heights obtained from MIKE 21 numerical model forced with ERA-interim 
wind speed data of 38-years. From the analysis, amongst the five different distributions considered Weibull distribution with 
α = 1.3 gave the best-fit for the wave dataset considered. Long-term analysis is then performed on 38-years hindcast data for 
10, 50 and 100 year return periods for the Mangaluru coast region. 
[Keywords: Design wave height, ERA-interim, Long-term wave analysis, MIKE 21, Probability distribution functions] 
Introduction 
Wave observations and analysis in early days were 
not done on the basis of theoretical and mathematical 
explanations, but was visually estimated by judging 
the climate conditions. This was mostly done by 
fishermen, with the help of their experience and the 
predictions were only for a short period. Wave 
observations and analysis gained significant 
importance during the Second World War
1
.  
In recent years, the coastal zone has undergone 
considerable development in many countries around 
the globe. This is primarily due to the increased 
international trade through ports, population pressure, 
importance of fisheries, stress on recreational and 
sports activities along the beaches. The efforts of 
different nations in dividing the offshore regions for 
foods and fuels have been intensified. The law of sea 
has been drawn and the concept of coastal 
management has developed. These factors gave more 
emphasis on accurate wave analysis and prediction. 
The accurate knowledge of the long-term wave 
height corresponding to a specific return period is an 
essential prerequisite for the structural design of any 
coastal or offshore structure
2,3
. Long-term wave 
analysis is performed as it serves two purposes, firstly 
it helps in organizing the wave data and secondly the 
extreme value wave heights can be extrapolated based 
on low probabilities of exceedance
4,5
. Studies 
pertaining to long-term wave changes along the 
coastal regions are important as they have constant 
threat of erosion
6
. Probability of occurrence of wave 
parameters over several years can be obtained from 
long-term wave analysis. Long-term analysis is a 
traditional design criteria performed based on 
statistical analysis of existing data or probability 
based methods. The structures are usually designed to 
withstand the design wave height calculated for a 
certain return period value. This design wave 
height can be obtained by long-term analysis of  
wave records. 
The possible changes in design wave height can be 
taken into account while designing new structures. 
This would benefit marine and offshore industry. The 
safety of existing structures might have to be relooked 
upon as wave heights may be affected by climate 
change effects. The study has its relevance as no 
single method can be suggested to all available wave 
dataset. The results can be an overestimate of 
extremes to some degree which is justified as the 
design and will be more conservative with this  
wave height.  
Karnataka, a southern state of India has a coastal 
stretch of about 320 km. Mangaluru is a coastal city in 
Dakshina Kannada district of Karnataka (12.87° N 




74.88° E). It has a major port which is deep water all 
weather port named New Mangalore Port at 
Panambur (Figure 1). The coordinates of port are 
Latitude 12°55’ North and Longitude 74°48’ East. 
This major port is operated by New Mangalore Port 
Trust (NMPT). The Port has grown from handling 
traffic of less than a lakh tonnes during its inception 
to handling about 40 million tonnes according to 
recent Port annual reports. 
 
Materials and Methods 
Long-term wave analysis comprises several 
probability distributions which can be used. These 
include distributions like Log-normal distribution, 
Gumbel distribution, Fretchet distribution, 
Exponential distribution, and Weibull distributions. 
One cannot give physical reasons for choosing a 
particular distribution; this can be based on best fit to 
the dataset chosen. Although all distributions have a 
theoretical base, they are used here essentially as an 
empirical fit to the data. The extreme distribution 
functions for data fitting used in the present study are 
listed below (Table 1). 
In describing the distributions, it is convenient to 
adopt the following notation for the parameters used 
to define any specific distribution: ‘γ’ is the location 
parameter which locates the position of the density 
function along the abscissa; ‘β’ is the scale parameter 
which controls the degree of spread along the abscissa 
(variate axis) and ‘α’ is the shape parameter which 
determines the basic shape of the particular 
distribution.  
There are three different ways for managing and 
using significant wave height data to perform Extreme 
Value Analysis (EVA), they are: i) total sample 
method ii) annual maxima method and iii) Peak Over 
Threshold (POT) method. In the present study, EVA 
is performed using POT method
8
. In POT method, a 
population of storms is selected based on the 
arbitrarily selected threshold value of wave heights
9
. 
The basic definition of storms can be the time when 
wave height exceeds this threshold. This simple 
distribution is fitted to those observations which 
exceed suitable level and it is expected that this fitted 
distribution is close to real distribution in extreme 
parts. Hence, during level selection one should take 
care that the selected level should be high enough for 
the tail to have the standardized form. Meanwhile, it 
should not be too high as it may result in few 
observations above it. The total tail distribution is 
then obtained by combining the tail distribution of 
individual exceedances with the distribution for the 
number of exceedances. The maximum wave heights 
 
 
Fig. 1 — Indian Ocean domain (4º S to 30º N; 40º E to 95º E) 
with the location of Mangaluru Port. 
Table 1 —  Summary of distribution models(ref. 7) 
Distribution Equation Y X A B 














































































































































































or the peak values during each storm are the only data 
points used in POT method
7
. In a study performed on 
UAE territorial waters, it was found that there was a 
reduction in predicted significant wave height values 
with increase in threshold values beyond 4.5 m
10,11
. 
The selection of threshold values is crucial as 




The intention is to provide a straight line fit to the 
dataset when it is plotted on a particular probability 
paper. In the case of probability distributions, the 
scales are known prior and only two parameters are 
needed in each case. Here, the least-squares method in 
its most basic form is directly applicable
13
. The best 
fit line y = Ax + B is obtained where all the data 
points are in accordance of coordinates (x, y). The 
slope of this line is represented as A; and B is the 
intercept of the line. In any case, the least-squares 
procedure can readily be extended to provide 
estimates of A, B and ‘γ’ or A, B and ‘α’ or both. This 
involves an iterative procedure which entails no 
serious difficulty. The corresponding estimated values 
of the parameters of the distribution, if required, then 
are obtained from the slope and intercept by the 
expressions given in Table 1. 
 
Data collection and processing 
The data for the study were obtained from in-situ 
wave measurements and from global modelled wind 
speed dataset. The EVA is initially performed on the 
in-situ measured data recorded for five years to assess 
the best probability distribution for Mangaluru coast. 
The study is then extended where long-term analysis 
is being performed on hindcast data of 38 years  
(1980 – 2018). The methodology involves generating 
past waves by forcing a numerical model with past 
winds obtained from ERA-interim dataset. Further 
statistical analysis is carried out for such projected 
wave data. 
In-situ measurements have spatial constrains and is 
generally taken for a shorter duration. A surface type 
wave recorder was in operation off the Mangaluru 
port along the west coast of India. The data is made 
available for a period of five years, i.e., from October 
1999 to April 2004 by NIOT Chennai. The wave 
recorder was installed at the distance of 1.5 km 
offshore, at a water depth of 7 m (12º49′ N, 74º 39′ 
E). For the analysis of the extremal waves, whole data 
containing significant wave heights recorded taken at 
every three hours has been considered. This data is 
further grouped using POT method. 
The methodology adopted for this study also 
involves the use of re-analysed wind speed data of 
European Reanalysis called ERA-interim from the 
European Centre for Medium-range Weather 
Forecasting (ECMWF). As there is a scarcity of long 
term in-situ measured wave records, relaying on 
modelled data like ECMWF becomes essential
14
. 
Through ERA-interim data, details of zonal and 
meridional wind speed data for a particular latitude 
and longitude, for a definite time interval can be 
obtained. The Indian Ocean domain from 4º S to 30º 
N; 40º E to 95º E (Fig. 1) is considered. This wind 
speed data was later used as input to the numerical 
wave model studies performed using MIKE 21 to 
obtain corresponding past wave heights. This is 
followed by a long-term analysis of the wave height 
data to obtain design wave height values for a desired 
return period of 10, 50 and 100 years. 
The POT analysis is performed in the present study 
to arrive at the design wave heights that is obtained by 
taking the peak threshold wave heights (Ht) as 1.5 m, 
2.5 m and 3.5 m. The main objective of this study is 
to obtain the best optimized value of design wave 
height. In the present study, least squares regression 
analysis is performed as it is the most readily 




The design wave height (Hs(𝑇𝑅)) for a return period 
of (𝑇𝑅) years is evaluated. The return period, TR, is 
defined as the average time interval between 




The number of events per year required for analysis 
is calculated from Eqn. (1) for the dataset considered. 
Where, λ is the mean rate of extreme events. It is 
defined as the ratio of number of events 𝑁𝑇 to the 





 … (1) 
 
For Weibull distribution, the design wave height 
(Hs(𝑇𝑅)) is calculated by Eqn. (2) below 
 






= 𝛾 + 𝛽 𝑙𝑛 𝜆𝑇𝑅   
1
𝛼  
                … (2) 
 
The wave parameters like design wave height for 
any given return period can be evaluated once the 
distribution is optimized. 




Results and Discussion 
Extreme wave analysis for grouped data is obtained 
from the entire measured dataset with three threshold 
wave heights (Ht) as 1.5 m, 2.5 m and 3.5 m. Straight 
line extrapolations are likely to lead to very large 
wave heights which are unlikely to occur in any 
specific area. The number of occurrences over 5 years 
is mentioned in Table 2. These values must first be 
added and divided by the total number to yield 
Probability function (P). As a result, Cumulative 
Distribution Function (CDF) can be obtained which 
organizes the dataset but it is difficult to extrapolate 
(Fig. 2). Hence, the straight line trends are preferred 
for extrapolation and interpolation. As a result, the 
CDF’s obtained has to be transformed into a straight 
line by transforming the axes of the graphs. This 
transformation results in a model equation  
Y = AX + B. Where, Y is the transformed probability 
axis, often referred as the reduced variate (Z), and X is 
the transformed wave height axis. The equation has 
coefficients A and B representing slope and intercept 
values. Linear regression analysis can then be 
performed
7
. The details of the variates and 
coefficients for the five distributions considered are 
already mentioned in Table 1. 
 
Long-term analysis on in-situ measured wave heights 
The extreme value analysis on grouped data is 
performed using these five probability distributions: 
Log-Normal, Gumbel, Fretchet, Exponential and 
Weibull distributions. From the extreme wave heights 
of the whole 5 year in-situ measurements the above 
mentioned probability methods are expected to give 
precise estimates. Figures 3 to 8 shows the plots of 
five probability distributions. The best fit line for 
these points is determined using the method of least 
squares as mentioned earlier. Method of least squares 
is a well-known technique and even the literature does 
not specify any particular method. 
From the distribution plots of grouped data above, 
it can be seen that the data points are very close to the 
trend line. In each of the distribution, it can be 
observed that the higher values of the wave heights 
are showing linear trend which can be further 
extrapolated using the Eqn. 2 to get the design wave 
heights for particular return period. The coefficient of 
correlation (R
2
 value) is highest for the Weibull 
Table 2 — Predictions of design wave height from grouped 
data of in-situ measurements 
Weibull distribution 
 ( =1.3) 
𝐻𝑆(𝑇𝑅)in meters for 
different Return periods 
Ht(m) λ       10 yrs 50 yrs 100 yrs 
1.5 459.2 1.3 0.62 1.41 7.07 7.77 8.07 
2.5 73.2 1.3 0.51 2.31 6.91 7.53 7.79 




Fig. 2 — Cumulative Distribution Function for grouped in-situ 
measured wave heights 
 
 




Fig. 4 — Gumbel distribution for grouped data 




distribution with α = 1.3. Hence, the design wave 
height as per Weibull distribution is calculated and is 
mentioned in Table 2 below. 
Table 2 presents the results of the extrapolation of 
design wave heights for return periods TR = 10, 50 and 
100 years, for the best performing Weibull 
distribution with α = 1.3 for the three different values 
of the threshold wave height (Ht = 1.5, 2.5 and 3.5 m).  
From the above extreme wave analysis performed 
on in-situ measurements, Weibull distribution for α = 
1.3 will be further used for long-term analysis of 
significant wave height based on hindcast of 38-year 
dataset for Mangaluru coast region. 
 
Long-term analysis on hindcasted wave heights 
The results obtained from extreme value analysis 
of in-situ measurements had established the 
applicability of this method for wave analysis. Hence, 
the same approach is adopted to fit Weibull 
distribution to the Mangaluru coast to obtain the 
design wave height for the desired return period based 
on wave hindcasting of 38 years. 
In order to simulate the significant wave heights (Hs), 
over a period of past 38-years the third-generation 
Spectral Wave (SW) module of MIKE 21 is used in this 
study. MIKE 21 simulates the growth, decay, and 
transportation of wind generated waves and swells in the 
offshore and coastal areas
3,17,18
. MIKE 21 SW is a 
numerical model that simulates wave parameters 
spatially by solving energy and mass balance 
equations
19
. The basic outputs from the simulations are 
integral wave parameters and spectral parameters. The 
important integral parameter used in the present study is 
significant wave height (Hs), the simulation of waves is 
performed by running a numerical wave model forced 
by wind speeds derived from ERA-interim of ECMWF 
for a period of 1980 to 2018. 
The simulated model results are approximate 
imitations of real conditions and they cannot give 
exact real-world system. Due to this reason, a model 
should be verified and validated to the degree needed 
for its intended purpose or application. In the present 
study, a comparison between simulated and measured 
Hs is performed to ensure that model works 
effectively for subsequent data generation. The 
simulated results for the particular buoy data location 
is extracted using Data extraction tool in MIKE 21. 
The location of the OB03 buoy is Latitude: 12.48° N 
 
 




Fig. 6 — Exponential distribution for grouped data 
 
 




Fig. 8 — Weibull distribution (α = 1.3) for grouped data 




and Longitude: 72.07° E. The simulated results of 
significant wave height for the month of June 2005 
are shown in Figure 9. Simulated Hs matched 
reasonably well with the measured Hs yielding 
Correlation coefficient (R
2
) = 0.74, Mean absolute 
percentage error (MAPE) = 9.85 % and Root mean 
square (RMSE) = 0.26. Thus in the present study 
model performance is satisfactory in terms of 
Correlation coefficient, Mean Absolute Percentage 
Error and Root Mean Square Error calculations. This 
is found to be a fair criterion for validating the 
simulated results with measured buoy data. 
From the simulated wave heights, 12 hours interval 
significant wave height (Hs) is extracted for 38-years 
dataset. Extrapolation of wave heights for return 
periods TR = 10, 50 and 100 years, is analyzed using 
Weibull distributions (α = 1.3) for the threshold wave 
heights (Ht) of 1.5 m, 2.5 m, 3.5 m, 4.5 m, 5.5 m, and 
6.5 m. The wave height values should be assessed to 
provide the best fit for the distribution. The properties 
of distribution depend on the parameter valued 
assigned. The Weibull distributions plots for threshold 
wave heights ranging from 1.5 m to 6.5 m for  
α = 1.3 are shown in Figures 10. 
The design parameters such as β and γ which are 
required for the estimation of design wave height is 
shown in Table 3, where A and B are the slope and 
intercept values of distribution graphs. 
From Table 3, it is found that the highest R
2 
value 
of 0.9992 occurs for threshold wave height of 2.5 m 
for Weibull distribution (α = 1.3). The extrapolated 
design wave heights calculated for the same is 
highlighted in Table 4. The design wave height is 
calculated for return periods TR = 10, 50, and  
100 years for different threshold wave heights and is 
shown in Table 4. The calculations are performed 
using Eqn. (2) as discussed earlier. 
The study performed earlier on wave analysis 
based on in-situ measurements along Mangaluru coast 
for a period of 5 years (1999-2004) is mentioned in 
Table 2. These results are compared with the above 
obtained results (Table 4) based on hindcast of 38 
years. The comparison and the variation in design 
wave height values are shown in the Table 5. 
The results obtained are in agreement with the 
published literature where wave height corresponding 
to 100-year return period was within 9 % for 
Honnavar region
20
. Also the annual maximum wind 
speed is expected to increase at a rate of 3.6 cm/s 










Fig. 10 — Weibull distribution (α =1.3) for Ht = 1.5 m, 2.5 m,  
3.5 m, 4.5 m, 5.5 m and 6.5 m 
 
Table 3 — Design parameters estimation from the above plots 
(Weibull distribution) 
Ht (m) 1.5 2.5 3.5 4.5 5.5 6.5 
A 0.84 0.933 1.01 1.08 1.22 1.06 
B -1.29 -2.18 -3.31 -4.52 -6.48 -6.40 
β 1.19 1.08 0.99 0.92 0.82 0.94 
γ 1.54 2.37 3.27 4.18 5.31 6.02 
R2 0.998 0.999 0.997 0.995 0.990 0.986 
 
Table 4 — Design wave height for different return periods 
 based on Weibull distribution 
Ht (m) λ β γ Return periods (Years) 
10 50 100 
Design wave height (m) 
1.5 182.66 1.19 1.54 7.17 8.07 8.45 
2.5 83.88 1.08 2.37 7.09 7.94 8.29 
3.5 30.02 0.99 3.27 7.05 7.85 8.18 
4.5 8.19 0.92 4.18 7.07 7.85 8.17 
5.5 1.55 0.82 5.31 7.09 7.85 8.16 





From the long-term wave analysis performed, an 
increase in design wave height values is observed for 
results obtained from hindcast of 38-year data to that 
of 5-year in-situ measurements. The increase in 
design wave height with 10 year return period is 2.60 
%, 50 year return period is 5.44 % and 100 year return 
period is 6.42 % for Mangaluru coast. This variation 
clearly indicates an improvement in wave height 
prediction values based on the larger datasets 
considered. The possible reason being, climate change 
variations is very well captured in the reanalyzed 
ERA-interim of 38 years. Hence, for Mangaluru 
region it is expected that the design wave height 
obtained from this study will be beneficial and the 
design wave height values obtained may be 
considered for the required return period.   
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Table 5 — Comparison of design wave heights 
Dataset  β γ 𝐻𝑆(𝑇𝑅) in meters for different Return 
periods 
10 50 100 
38-years 
hindcast 
1.09 2.37 7.09  7.94  8.29  
In-situ data 0.51 2.31 6.91  7.53  7.79  
Percentage increase of  
design wave height (%) 
2.60 5.44 6.42 
